There is a need for animal models of plaque rupture. We previously reported that elastin fragmentation, due to a mutation (C1039G +/2 ) in the fibrillin-1 (Fbn1) gene, promotes atherogenesis and a highly unstable plaque phenotype in apolipoprotein E deficient (ApoE 2/2 ) mice on a Western-type diet (WD). Here, we investigated whether plaque rupture occurred in ApoE 2/2 Fbn1 C1039G+/2 mice and was associated with myocardial infarction, stroke, and sudden death.
Aims
There is a need for animal models of plaque rupture. We previously reported that elastin fragmentation, due to a mutation (C1039G +/2 ) in the fibrillin-1 (Fbn1) gene, promotes atherogenesis and a highly unstable plaque phenotype in apolipoprotein E deficient (ApoE 2/2 ) mice on a Western-type diet (WD). Here, we investigated whether plaque rupture occurred in ApoE 2/2 Fbn1 C1039G+/2 mice and was associated with myocardial infarction, stroke, and sudden death.
Methods and results
Female ApoE 2/2 Fbn1 C1039G+/2 and ApoE 2/2 mice were fed a WD for up to 35 weeks. Compared to ApoE 2/2 mice, plaques of ApoE 2/2 Fbn1 C1039G+/2 mice showed a threefold increase in necrotic core size, augmented T-cell infiltration, a decreased collagen I content (70 + 10%), extensive neovascularization, intraplaque haemorrhage, and a significant increase in matrix metalloproteinase-2, -9, -12, and -13 expression or activity. Plaque rupture was observed in 70% of ascending aortas and in 50% of brachiocephalic arteries of ApoE 2/2 Fbn1 C1039G+/2 mice. In ApoE 2/2 mice, plaque rupture was not seen in ascending aortas and only in 10% of brachiocephalic arteries. Seventy percent of ApoE
2/2
Fbn1 C1039G+/2 mice died suddenly, whereas all ApoE 2/2 mice survived. ApoE 2/2 Fbn1 C1039G+/2 mice showed coronary plaques and myocardial infarction (75% of mice). Furthermore, they displayed head tilt, disorientation, and motor disturbances (66% of cases), disturbed cerebral blood flow (73% of cases; MR angiograms) and brain hypoxia (64% of cases), indicative of stroke.
Introduction
Atherosclerosis is a chronic inflammatory disease of large-and medium-sized arteries and leads to development of plaques. It is generally accepted that stability rather than size of a plaque is determinant for acute clinical complications. Plaques with an unstable phenotype are prone to rupture, which can lead to myocardial infarction, stroke, and sudden death. 1 Unstable plaques are characterized by a large lipid core (usually taking .30-40% of total lesion area), a high number of inflammatory cells (mostly macrophages) and a thin fibrous cap, with few smooth muscle cells and collagen fibres. 2 -5 Moreover, vulnerable human plaques frequently show intraplaque neovascularization and haemorrhage 6 and expansive enlargement of the vessel wall, known as outward remodelling. 2, 7 Despite major advances in cardio-and cerebrovascular researches, plaque rupture remains the leading cause of acute events. 3 Therefore, the need for the development of plaque stabilizing therapies is high. Several research groups have tried to develop suitable models of plaque rupture for the last 15 years, but in these models, rupture occurs only sporadically, after a long period of time, or depends on mechanical injury. 8 -10 Moreover, reproducibility is low and events as seen in humans are rarely observed. Recently, we reported the effect of an impaired elastin structure of the vessel wall on the progression of atherosclerosis by crossbreeding apolipoprotein E knock-out (ApoE 2/2 ) mice with mice containing a heterozygous mutation (C1039G +/2 ) in the fibrillin-1 (Fbn1) gene. 11 This mutation led to fragmentation of the elastic fibres in the vessel wall, resulting in increased arterial stiffness and the development of highly unstable plaques with sporadic ruptures.
11
Here, we investigated whether plaque ruptures were reproducible and accompanied by 'human-like' events, such as myocardial infarction, stroke and/or sudden death. Moreover, we aimed to get better insight into mechanisms involved in plaque rupture in this model by focusing on intraplaque neovascularization, inflammation, and matrix degradation.
Methods
See Supplementary material online. Figure 1A ; Supplementary material online, Table S1 ). Though the Mac-3-positive area (macrophages) was increased in plaques of ApoE
Results
Fbn1 C1039G+/2 mice, the relative area remained unchanged due to the increased lesion size (Supplementary material online, Table S1 ). Figure 1B ; Supplementary material online, Figure S2A ). Furthermore, matrix degrading enzymes MMP-12 ( Figure 1B) , MMP-2, and MMP-9 ( Figure 1C ; Supplementary material online, Figure S2B -E) were more than doubled. Immunohistochemistry showed a twofold rise in type I collagenase MMP-13 in plaques of proximal ascending aorta and brachiocephalic artery (not shown) Figure 2C and E) and in the centre of plaques and sprouted out of the media ( Figure 2C ). They contained erythrocytes ( Figure 2C , F, G) and a thin layer of endothelial cells ( Figure 2D and J ). Their number correlated with the degree of medial elastin fragmentation (Supplementary material online, Table S2 ). Neovascularization occurred in plaques with a high degree of stenosis (94 + 2%, Figure 2A ; carotid arteries) and areas of hypoxia, as shown on a pimonidazole stain ( Figure 2E , Table 1 ; Supplementary material online, Figure  S3 ). Moreover, the vessels were highly leaky, as shown by extravasation of dextran particles (size 70 000 MW). Dextran leakage was also Fbn1 C1039G+/2 mice on Western-type diet compared to ApoE 2/2 mice. In addition, an increase in T-cell activation marker interferon g, vascular endothelial growth factor, transforming growth factor-b, and elastase MMP-12 was observed. (D) Gel zymography showed increased activity of MMP-9 and MMP-2 when compared with aortas of age-matched ApoE 2/2 mice on Western-type diet. For quantification, see Supplementary material online, Figure S2 .
Elastin fragmentation in atherosclerotic mice observed in media and adventitia, indicating the presence of vasa vasorum ( Figure 2K , Table 1 ; Supplementary material online, Figure  S4 ). Finally, intraplaque haemorrhages were observed at the base and in the centre of the plaque ( Figure 2B , H, I; Table 1 ).
Plaque rupture in the proximal ascending aorta and brachiocephalic artery of ApoE 2/2 Fbn1 C1039G1/2 mice on WD
Plaque rupture was observed in 50% of brachiocephalic arteries ( Figure 3Aa and b, 10 of 20 animals) and 70% of proximal ascending aortas of ApoE 2/2 Fbn1 C1039G+/2 mice on WD (14 of 20 animals).
In contrast, only 1 of 10 ApoE 2/2 mice on WD (10%) showed plaque rupture in the brachiocephalic artery but none in the ascending aorta (P , 0.001, Fisher's exact test Figure 5A -I, Supplementary material online, Table S3 ). Myocardial infarctions were characterized by large areas of collagen and inflammatory cells ( Figure 5B , C and H, I ) and were mostly seen in the left ventricle. Moreover, a significant increase in coronary artery plaque ( Figure 5A -C, D-F) and infarcted area ( Figure 5B, C infarcted area (%): 1.0 vs. 0 and 0.3, overview in Supplementary material online, Table S3 ).
Discussion
In the present study, we characterized a mouse model of atherosclerotic plaque rupture with endpoints including myocardial infarction, stroke, and sudden death. Importantly, these events did not -or only very occasionally -occur in ApoE 2/2 mice on WD or in ApoE 2/2 Fbn1 C1039G+/2 mice fed an ND. These findings underscore the importance of elastin fragmentation in combination with a WD as prerequisites for atherosclerotic plaque rupture in mice. Mutations in the Fbn1 gene lead to Marfan syndrome, a genetic disorder characterized by progressive fragmentation of elastic fibres. 12 This results in increased arterial stiffening, elevated pulse pressure, and progressive aortic dilatation (especially of the proximal ascending aorta), resembling vascular aging. 11, 13, 14 Fbn1 is essential for proper formation of extracellular matrix (ECM), including the biogenesis significantly larger plaques with a highly unstable phenotype, characterized by a large necrotic core (occupying 30% of total plaque area), and a strongly diminished collagen content. Accelerated atherogenesis in these mice was likely the result of enhanced vascular inflammation, leading to increased monocyte attraction, oxidation, and accumulation of lipids. 15 Here, we showed that iNOS, a marker for activated macrophages and inflammation, was significantly more expressed in plaques of ApoE 2/2 Fbn1 C1039G+/2 mice on either WD or ND when compared with ApoE 2/2 mice on WD. Accordingly, inflammatory cytokines TNF-a, IL-1b, and IL-6 were highly increased. In addition, we observed a higher infiltration of T-cells and their activation marker IFNg, the latter playing an important role in collagen turnover by inhibiting smooth muscle cells to synthesize collagen, required to repair and maintain fibrous cap integrity. 16, 17 Moreover, we observed significant increases in MMP-2, -9, -12, and -13 expression or activity in ApoE 2/2 Fbn1 C1039G+/2 mice. MMP-2 and -9 not only contribute to vascular remodelling in Marfan syndrome but are also implicated in atherosclerosis and angiogenesis. 18 For example, ApoE 2/2 mice lacking MMP-2 develop smaller and more stable plaques, whereas macrophages overexpressing active MMP-9 promote neovascularization, intraplaque haemorrhage, 19, 20 and features of plaque rupture in ApoE 2/2 mice. 20 In the latter case, those features were attributed to elastin degradation, underscoring its role in plaque destabilization and rupture, in line with our findings. MMP-12 and -13 additionally contribute to elastin and (type I) collagen degradation, respectively. Taken together, in ApoE 2/2 Fbn1 C1039G+/2 mice on WD, enhanced collagen/ECM breakdown together with decreased synthesis and repair are likely responsible for weakening of the fibrous cap and rendering it more rupture prone. 18, 17 Interestingly, the present data show extensive neovascularization and intraplaque haemorrhage in brachiocephalic and common carotid arteries of ApoE 2/2 Fbn1 C1039G+/2 mice on WD. These features are rarely observed in murine atherosclerosis models but are known to highly affect plaque progression and vulnerability in humans. 21 In ApoE 2/2 Fbn1 C1039G+/2 mice on WD, intraplaque Elastin fragmentation in atherosclerotic mice neovessels, likely arising from adventitial vasa vasorum, clearly sprouted out of the media. 22, 23 Neovessels were not only present at the base of the plaque but were also frequently observed in its centre, similar to human pathology. 21, 23 Angiogenesis requires ECM degradation by proteases, including MMPs, to enable endothelial cell migration into the surrounding tissue. 18 In addition, degradation of the ECM induces release of sequestered angiogenic factors such as VEGF and TGFb, 18,19 also observed in ApoE
Fbn1 C1039G+/2 mice on WD. In the present study, the extent of neovascularization correlated with the degree of elastin fragmentation in the vessel wall. However, degradation of the ECM alone was not sufficient to induce neovascularization in atherosclerotic plaques, because microvessels were not present in plaques of ApoE
Fbn1 C1039G+/2 mice on ND. This observation indicates that an additional factor is needed to trigger plaque neovascularization. Pimonidazole staining showed that hypoxia, a well-known angiogenesis trigger, 24 was strongly increased in plaques of brachiocephalic and carotid arteries in ApoE 2/2 Fbn1 C1039G+/2 mice on WD. By contrast, hypoxia in the ascending aorta was minor, which likely explains the absence of neovessels at that site. In conclusion, the highly permeable arterial wall, due to degradation of the ECM, combined with intraplaque hypoxia seems required for neovessel formation in atherosclerotic plaques of ApoE 2/2 Fbn1 C1039G+/2 mice on WD. Importantly, those neovessels were highly leaky, as shown by extravasation of dextran particles. Moreover, the presence of intraplaque erythrocytes near neovessels at the base of the plaque pointed to intraplaque haemorrhages, substantiating ruptured neovessels as source of intraplaque bleeding. 19, 21 Erythrocytes are important sources of free cholesterol, thereby increasing necrotic core size. Hence, neovascularization, besides supplying plaques with leucocytes and lipoproteins, can promote focal plaque expansion when The C1039G +/2 mutation in the fibrillin-1 gene causes elastic fibre fragmentation (1), resulting in both increased arterial stiffness (and consequently elevated pulse pressure and progressive aortic dilatation) and cardiac dysfunction (due to the decreased contractility of the cardiomyocytes). In hypercholesterolemical ApoE 2/2 Fbn1 C1039G+/2 mice, this elastin fragmentation and arterial stiffness lead to the development of large plaques with a highly unstable phenotype, characterized by enhanced inflammation (2) large necrotic cores (NC) (3) and a thin fibrous cap (FC) (4) . Additionally, in the brachiocephalic and carotid arteries intraplaque neovascularisation and haemorrhage (IPH) are abundantly present (5) . Due to the elevated pulse pressure and extensive aortic dilatation (especially in the ascending aorta), the mechanical stress on plaques is increased, leading to rupture and subsequent thrombus formation (6) . The pronounced atherosclerosis also leads to increased carotid and coronary artery stenosis, resulting in cerebral and/or cardiac hypoperfusion. Since ApoE 2/2 Fbn1 C1039G+/2 mice are already sensible to develop cardiac dysfunction as a consequence of the genotype, decreased cardiac perfusion may further impair cardiac function. Plaque rupture with (occlusive) thrombosis as well as hypoperfusion of the heart and brain most likely result in myocardial infarction, stroke, and eventually sudden death.
Elastin fragmentation in atherosclerotic mice microvessels rupture or become thrombotic. 6, 21, 24 25, 26 In general, rupture occurs when the mechanical stress applied on the fibrous cap exceeds its tensile strength. 25 The latter is mainly determined by the collagen content of the plaque, which was significantly decreased in plaques of ApoE 2/2 Fbn1 C1039G+/2 mice on WD. 17, 26 Elevated pulse pressure (as a consequence of arterial stiffening 11 ) leads to repetitive plaque deformation, increasing the tensile stress on the cap. 14, 27 When applied chronically, this can lead to plaque fatigue, making it prone to rupture. 25 -27 Moreover, due to the progressive aortic dilatation and outward remodelling (as a result of the large plaques), the collagen and elastin fibres of the cap are stretched and become more rigid, increasing the susceptibility to mechanical stress. 25 Aortic dilatation was highly pronounced in the ascending aorta, suggesting that this mechanism was responsible for rupture of unstable plaques at this site. In brachiocephalic and carotid arteries, intraplaque neovascularization and haemorraghe were frequently present, further increasing plaque size and vulnerability to rupture (as illustrated by thrombi in the carotid arteries but here we show that this was actually linked with cerebral hypoperfusion and local brain hypoxia (stroke).
Next to emboli, other mechanisms could invoke sudden death in the current model as shown in Figure 6 . The severe stenosis of carotid ( Figure 2A ) and some coronary arteries ( Figure 5E ) may compromise perfusion to such an extent that it results in local hypoxia, indicated by brain angiograms. Chronically reduced perfusion of heart and brain could lead to permanent damage to these vital organs, and therefore could also cause or contribute to sudden death ( Figure 6 ).
Conclusion and clinical perspectives
The present study shows that elastin fragmentation in combination with a WD leads to plaque destabilization and rupture in ApoE 
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